Distinctive intrahepatic biliary adaptation responses occur in the liver of rats subjected to select hepatotoxic and/or carcinogenic treatments with the nongenotoxic cholangiocarcinogenic agent furan. Specifically, metaplastic small intestinal-like glands closely resembling in their cellular composition the crypts of Lieberk&uuml;hn of normal rat small intestine were selectively derived from putative hyperplastic bile ductule-like progenitor structures in the right and caudate liver lobes of young adult Fischer-344 male rats given furan by gavage at a daily dose of 30-45 mg/kg body weight, 5 times weekly, over a 2-6-wk treatment period. Longer term chronic administration of furan at 30 mg/kg/day for 9-19 wk resulted in the preferential development of primary hepatic adenocarcinomas, which arose at 70-100% incidences from right/caudate liver lobes and which were characterized by small intestine mucosal cell differentiation. Interestingly, the neoplastic glands of these "intestinal-type" hepatic tumors demonstrated strongly positive immunochemical reactions for both hepatocyte growth factor/scatter factor and its c-met encoded receptor and were immunohistochemically positive for transforming growth factor &beta; 1 (TGF-&beta; 1 ) and for mannose-6-phosphate/insulin-like growth factor II receptor, implicated in the activation of latent TGF-&beta; 1 . In contrast, a different pattern of aberrant bile ductular cell differentiation was noted to occur in the atrophied right liver lobe of moribund Fischer-344 male rats that were chronically exposed over a 10-14-day period to a severely hepatotoxic dose of furan (60 mg/kg/day). Under this latter experimental condition, rare yet distinct cholangiolar-like structures composed of biliary epithelial cells and typically a single ductular hepatocytic cell in various stages of maturation specifically formed in association with an extensive hyperplastic bile ductular reaction. Very similar cholangiolar-like structures also appeared in areas of preexisting hyperplastic bile ductule tissue at 3-5 days following the administration of a single hepatonecrogenic dose of CCl 4 to rats that 4-6 wk earlier had been subjected to a bile duct ligation. In addition, a novel rat model was developed in which furan combined in a unique synergistic manner with bile duct ligation to induce the replacement of almost all of liver with well-differentiated hyperplastic bile ductules without evidence of differentiation along either metaplastic small intestine mucosal cell or ductular hepatocyte lineages. Bile ductular epithelial cell isolates from bile duct-ligated/furan-treated rats were further observed to be organized in the form of bile duct-like structures in vitro under specific conditions of primary cell culture and in vivo following their cell transplantation into the inguinal fat pads of syngeneic recipient rats. Overall, these findings serve to exemplify the remarkable plasticity that may be exhibited by certain proliferating biliary cell populations in liver in response to specific types of severe hepatic injury and/or during cholangiocarcinogenesis.
INTRODUCTION
Ductular proliferation in liver is a common feature of various clinical and experimental forms of hepatobiliary disease, being most prominent in cholestatic liver diseases, but also occurring in conditions of toxin-, carcinogen-, and viral-induced hepatic injury with parenchymal liver cell loss (34, 39, 43) . Four histological types of ductular proliferation have been described: &dquo;typical&dquo; ductular proliferation, &dquo;atypical&dquo; ductular proliferation, &dquo;oval cell&dquo; proliferation, and &dquo;neocholangiolar&dquo; proliferation (34) .
Typical ductular proliferation is characteristic of acute cholestatic liver disease, with the experimental prototype for this condition in rats being bile duct ligation and its clinical counterpart in humans being acute extrahepatic biliary obstruction (34, 39, 43) . It is now generally accepted that typical ductular proliferation is due to the multiplication of preexisting bile ductules that retain in large part their characteristic phenotypic and functional properties (32, 37, 41, 46) and that for all practical purposes have not altered their differentiation commitment from that of the biliary lineage (12, 34, 51) .
In contrast, atypical ductular proliferation, which has largely been investigated in humans in conditions such as primary biliary cirrhosis, primary sclerosing cholangitis, chronic alcoholic liver disease, and focal nodular hyperplasia, has been postulated to be the result of a metaplastic conversion of hepatocytes into bile ductule epithelium (34, 46) . Evidence has been presented to indicate that the newly formed ductules associated with atypical ductular proliferation are in communication with liver cell plates, not with extant bile ductules and ducts (50) .
Moreover, the presence of intermediate or transitional hepatic cells exhibiting ultrastructural and/or select phenotypic features of both hepatocytes and biliary epithelial cells has been further interpreted as favoring the ductular metaplasia concept (46) .
Oval cell proliferation, on the other hand, has been mostly studied in rats and mice under certain hepatocarcinogenic and/or hepatotoxic conditions (33, 34) . Prolif-erating oval cells appear to arise from the terminal bile ductules or canals of Hering of liver (4, 18, 34. 39 ) and reflect the expansion of a heterogeneous nonparenchymal liver cell compartment comprised of subsets of cells having different developmental potentials (9, 39) . There is now substantial evidence to support the view that the proliferating oval compartment harbors facultative pluripotent liver stemlike cells that, when activated under select hepatocarcinogenic or hepatotoxic conditions, have the potential to differentiate along either the hepatocytic, biliary, intestinal mucosal, or pancreatic acinar cell lineages (2, 17, 24, 25, 32, 34, 42, 45) . The atypical ductular structures formed in association with oval cell proliferation in the liver of hepatocarcinogen-treated rats are also readily distinguished from the typical hyperplastic bile ductules induced in the liver of bile duct-ligated rats by the fact that they are surrounded by basement membrane that is deficient in immunohistochemically reactive laminin (29) and that they contain transitional cell types typically expressing protein and messenger RNA (mRNA) transcripts for a-fetoprotein and/or albumin (1, 8) .
The actual identity of the putative liver stemlike cells expanded in the proliferating oval cell compartment remains unknown, although a number of potential candidates have been suggested for rodent liver. These include &dquo;indifferent&dquo; cholangiolar cells (47) , nondescript periductular cells (31) , transitional duct cells (30) , and embryonic bipotential progenitor cells postulated to persist in very small numbers in the normal adult liver (14, 19) .
It has further been suggested that rare ductular cells positive for 2.1-kb a-fetoprotein mRNA and observed to be localized to the vicinity of the canals of Hering of normal adult rat liver could conceivably be putative liver stemlike cells (10) . In the human, on the other hand, rare hepatocytic cells have been observed in the interlobular bile ducts in various hepatobiliary disease states (21, 26) ; small intestinal metaplasia can occur in both the intraand extrahepatic biliary tract in both chronic inflammatory and neoplastic conditions (15, 16) ; pancreatic acinar tissue has been seen to arise in cirrhotic liver in close association with proliferating bile ductules (48) , as well as during liver development in association with peribiliary glands around the large hilar bile ducts (44) ; and evidence of neuroendocrine differentiation has been demonstrated in proliferative bile ductular epithelium (27) . Considering these latter observations, it is tempting to hypothesize that cells retaining a capacity to proliferate and to function under certain conditions as facultative pluripotent stemlike cells, but which cannot be distinguished morphologically from bile duct or ductular epithelial cell types, may be found throughout the entire biliary tract and not be compartmentalized solely to the terminal bile ductules. However, more direct studies aimed at evaluating the differentiation potential of epithelial cells derived from different regions of the biliary tract, particularly under conditions of chronic injury and carcinogenesis, are necessary to validate this hypothesis.
Neocholangiolar proliferation is a distinctive type of ductular proliferation that has principally been observed in human liver in various severe forms of viralor chemically induced hepatic injury and seen to best advantage in cases of massive and submassive necrosis, chninic active hepatitis. and longstanding alcoholic liv tr disease (22, 23. 34) . Neocholangioles are canal of Herin'=-Iike structures that are lined by a combination of biliarp epithelial cells. transitional cells with phenotypic features intermediate between those of hepatocytes and intrahepatic biliary epithelium, and more mature ductular hepatocytic cells, all of w hich are surrounded by a welldeveloped basement membrane (22. 23. 341 . It is the presence of this complete basement membrane surrounding both biliary epithelial cells and ductular hepatocytic cells that clearly distinguishes the neocholangioles of pathologic liver from the canals of Hering of normal liver, because only the biliary epithelial cell component and not the hepatocellular component of the canals of Hering are supported by basement membrane (22, 23, 34) .
The origin of neocholangioles continues to be debated, although it has been speculated that they may have been derived as a result of either (a) a ductular metaplasia of hepatocytes, (b) a hepatocellular metaplasia of bile ductular cells, or (c) an activation of liver stemlike cells to differentiate along both the biliary and hepatocyte lineages (34) . In this context, it is interesting that in contrast to the atypical ductular structures formed during hepatocarcinogenor D-galactosamine-induced liver injury in rats, it has been reported that neither the biliary epithelial cells nor the ductular hepatocytic cells comprising neocholangioles formed in human liver in cases of massive hepatic necrosis gave positive immunohistochemical staining reactions for a-fetoprotein or for albumin (13) . Our laboratory has recently described the development of a number of novel in vivo rat models of aberrant biliary cell proliferation and cell differentiation, which are proving to be particularly useful in selectively investigating cell lineage relationships in the histogenesis of metaplastic small intestinal mucosal cell types and of ductular hepatocytes in liver, as well as of &dquo;intestioal-type&dquo; hepatic adenocarcinoma and of massive bile ductule hyperplasia. The remainder of this patper will focus on detailing some of the salient features characterizing these unique rat models, which reflect in largo part specific bile ductular adaptation responses to select hepatotoxic or carcinogenic treatments of rats with the nongenotoxic cholangiocarcinogenic agent, furan (7. 20 type&dquo; of hepatic adenocarcinoma preferentially induced in the right/ caudate liver lobes of furan-treated rats. A) Mucin-positive goblet cells (arrows) in a metaplastic gland apparently originated from a hyperplastic bile ductule-like precursor in cholangiofibrotic tissue that had replaced much of the right liver lobe of a rat during the early stage of furan cholangiocarcinogenesis. Mayer's mucicarmine. X330. B) Serotonin-positive neuroendocrine cell (arrow) in an early-appearing metaplastic intestinal gland appearing in the right liver lobe of a furan-treated rat. DAKO monoclonal antiserotonin. X330. C) Paneth cells (arrow) in a metaplastic intestinal gland in cholangiofibrotic liver tissue histochemically stained by the phloxine-tartrazine method. Note the characteristic large granules in the apical cytoplasm of the metaplastic Paneth cells. X330. D) Paneth cell (arrow) immunohistochemically positive for lysozyme, a Paneth cell &dquo;marker,&dquo; in a metaplastic intestinal gland in cholangiofibrotic liver tissue. DAKO polyclonal antilysozyme. X330. E) Gross pathology of a primary hepatic adenocarcinoma developed in the caudate/right (C/R) liver lobes of a rat in response to a long-term carcinogenic treatment with furan. L = left lateral lobe; M = median lobe. F-I) Representative metaplastic intestinal cell types in the neoplastic glands of furan-induced primary adenocarcinoma. F) Light photomicrograph of a differentiated tumor gland containing numerous mucin-positive goblet cells (arrows) and mucinous material (m) within its lumen. Mayer's mucicarmine. X66. G) Light photomicrograph of a lysozyme-positive Paneth cell (arrow) in a tumor gland. X66. H) Electron micrograph of a goblet cell (g) in a tumor gland. X 10,000. I) Electron micrograph of a neuroendocrine-like cell (nc) in a tumor gland. X9,000.
terocyte-like absorptive cells (5, 37) , mucin-producing goblet cells (5, 6, 32, 37) ( Fig. 1 A) , serotonin-positive neuroendocrine-like cells (5, 6, 32, 37) (Fig. 1B) , and Paneth cells (6, 32, 37) ( Fig. 1 C, D) . Moreover, the small intestinal mucosal cell types that formed early in the liver of the furan-treated rats were observed to have differentiated in a sequential manner, with the columnar enterocyte-like cells appearing first followed by the appearance of goblet cells and, somewhat later, by the appearance of the Paneth cells and neuroendocrine-like cells (6) . Our studies further support the view that small intestinal metaplasia is an important intermediate in the development of cholangiofibrosis in rat liver (5, 42) and is also in this model, an early portent for the development of &dquo;intestinal-type&dquo; hepatic adenocarcinoma (cholangiocarcinoma). In this regard, longer term chronic administra-tion of 30 mg/kg body weight furan to Fischer-344 male rats, once a day, 5 times weekly, for periods of 9-19 wk resulted in the preferential development of this type of biliary derived neoplasm, which, like the earlier described small intestinal mucosal cell metaplasia and cholangiofibrosis, also selectively formed in the right/caudate liver lobes at incidences ranging from 70 to 100% (7, 32; A. E. Sirica, unpublished data) (Fig. IE) . In contrast, the incidences of hepatocellular carcinoma in our furan carcinogenesis studies ranged from 0 to 20%, with only 2 primary hepatocellular carcinomas being detected in 3 separate carcinogenesis experiments.
Thirty-two out of a total of 33 furan-induced primary hepatic adenocarcinomas examined to date by us exhibited evidence of intestinal mucosal cell differentiation as reflected by the presence of goblet cells, lysozyme-positive Paneth cells, and neuroendocrine-like cells (7) (Fig.  1F -I). Even though all of the intestinal-type of intrahepatic adenocarcinomas exhibited evidence of intrahepatic spread, none showed evidence by 16 mo after initiation of the furan treatments of extrahepatic metastases (7) . However, the majority of these tumors (i.e., 75%) showed progressive growth when transplanted into the fat pads of syngeneic rats (7) . Moreover, the tumor transplants could be serially passaged in vivo, grew rapidly, and retained their intestinal pattern of differentiation. Interestingly, the one cholangiocarcinoma developed in these studies, which was characterized by a more native biliary type of differentiation than the intestinal-type, was the only primary intrahepatic biliary tumor so far observed by us to exhibit extrahepatic metastasis (7) .
Representative samples of the primary intestinal-type hepatic adenocarcinomas and tumor transplants produced in these in vivo rat carcinogenesis experiments with furan were determined, using polymerase chain reaction analysis performed in the laboratory of Dr. Jerry M. Rice of the National Cancer Institute, FCRDC, not to contain a mutated K-ras oncogene (J. M. Rice, personal communication). In addition, we could not detect by immunohistochemistry or by the Mutant p53 ImmunoCruz&copy; System (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), expression of a mutant p53 in these tumors (A. E. Sirica, unpublished data). Recently, we reported that the metaplastic small intestinal mucosal-like glands in cholangiofibrotic tissue induced in the right/caudate liver lobes of furan-treated rats had a significantly greater proliferative cell fraction, as reflected by positive immunohistochemical nuclear staining for proliferating cell nuclear antigen (PCNA), than that of hyperplastic bile ductule-like structures in the same cholangiofibrotic tissue (35) . This marked difference in PCNA nuclear labeling is illustrated in Fig. 2,  FIG. 2. -A) Immunohistochemical demonstration of PCNA nuclear labeling (arrows) in hyperplastic bile ductule-like structures in cholangiofibrotic tissue that has replaced much of the right liver lobe of a rat given 45 mg/kg body weight furan daily by gavage over a 6-wk treatment period. X330. B) PCNA nuclear labeling (arrows) in metaplastic intestinal-like glands in the same histological section of cholangiofibrotic tissue as in A. X330. The mean PCNA nuclear labeling index for hyperplastic bile ductules in furan-induced cholangiofibrotic tissue was determined to be 12.7 ± 5.3% (n = 5 rats), whereas the PCNA nuclear labeling index for the metaplastic intestinal-like glands in the same tissue sections was 40.2 ± 3.2 (n = 5 rats). The histological sections in A and B were counterstained with hematoxylin.
with the metaplastic glands determined to have a mean PCNA nuclear labeling index that was -4 times higher than that of the hyperplastic bile ductule-like structures, but which was similar to that of the crypts of Lieberkfhn of normal rat small intestine.
The metaplastic small intestinal mucosal-like glands in the furan-induced cholangiofibrotic tissue were also found to selectively exhibit a strongly positive immunohistochemical staining of their cytoplasm when reacted with antibodies against hepatocyte growth factor/scatter factor (HGF/SF), whereas hyperplastic bile ductule-like structures in the same cholangiofibrotic tissue were essentially negative for HGF/SF (35) (Fig. 3A ). HGF/SF was not detected by immunohistochemistry in the intrahepatic bile ducts of normal rat liver (49) nor in hyperplastic bile ductules induced in liver of either bile ductligated or bile duct-ligated/furan-treated rats (35) . Normal rat small intestinal mucosal epithelium, on the other hand, showed positive immunohistochemical staining when reacted with anti-HGF/SF antibodies (49, 52; A. E.
Sirica, unpublished data).
In recent preliminary studies, we have further been able to demonstrate by immunohistochemistry that the neoplastic glands of both primary (n = 9) and transplanted (n = 6) furan-induced intestinal-type hepatic adenocarcinomas showed strongly positive cytoplasmic immunostaining when reacted with anti-HGF/SF antibodies, as represented by Fig. 3B . Moreover, using a commercial affinity-purified rabbit polyclonal antibody against an epitope corresponding to the 28 carboxy terminal amino acids of human c-Met p 140 (Santa Cruz Biotechnology, Santa Cruz, CA), we have observed a positive immunohistochemical staining reaction in the neoplastic glands of primary and transplanted intestinal-type hepatic adenocarcinomas for c-met-encoded HGF/SF receptor protein. Immunoprecipitation with the anti-human c-Met antibody followed by Western blotting confirmed the presence of c-Met p 140 in both the primary (data not shown) and transplanted (Fig. 4) furan-induced intestinal-type hepatic tumors.
Employing well-characterized antibodies (28), we have also very recently observed strong immunohistochemical staining reactions for transforming growth factor ~3, (TGF-(3,) and for mannose-6-phosphate/insulin-like growth factor II receptor (M6P/IGF-II), believed to facilitate the activation of latent TGF-P, (3, 28) , in the neoplastic glands of furan-induced hepatic adenocarcinomas with intestinal mucosal cell differentiation (Fig. 5 ). Interestingly, despite the strongly positive immunohistochemical staining of these neoplastic glands for TGF-r31 and M6P/IGF-II receptor protein, they exhibited a relatively high mean PCNA nuclear labeling index (32.5 ± 5.8), suggesting that the neoplastic epithelial cells are refractory to the mitoinhibitory effect of TGF-r31' In comparison, TGF-a was not detected in the neoplastic glands of these intestinal-type hepatic adenocarcinomas, although the 2 hepatocellular carcinomas that resulted from our furan carcinogenesis studies were observed to exhibit strong immunostaining for TGF-a (7) .
DUCTULAR HEPATOCYTES IN NOVEL RAT MODELS OF SEVERE HEPATIC INJURY
Two new rat models of severe hepatic injury were recently described by us that support a bile ductular cell FIG. 6.-Ductular hepatocytic-like cells (large arrow) in unique cholangiolar-like structures newly appearing in the right liver lobe of rats in response to a severely hepatotoxic treatment with furan. The cholangiolar-like structure in A is shown to be completely surrounded by a basement membrane (small arrows) delineated by its strongly positive immunohistochemical staining reaction for type IV collagen. X330. Both the biliary epithelial cell and ductular hepatocytic cell components of the cholangiolar-like structure depicted in B are shown exhibiting a strongly positive cytoplasmic immunohistochemical staining reaction for &dquo;biliary type&dquo; cytokeratin 19 . X330. The tissue section in A is counterstained with hematoxylin and eosin, whereas that in B is counterstained with just hematoxylin. origin of ductular hepatocytes (34, 38, 40) . The first of these models combined a prior typical bile ductular cell hyperplasia produced in rat liver by 4-6 wk of bile duct ligation with a subsequent Zone 3 (centrilobular) hepatonecrosis induced by a single necrogenic treatment with CC'4 (40) . The second model, which was more extensively studied, was developed by subjecting 6-7-wk-old Fischer-344 male rats to a severely hepatotoxic treatment with furan, which was administered to the animals by gavage at a daily dose of 60 mg/kg body weight over a 10-14-day treatment period (5, 34, 38) .
In both of these models, unique, albeit rare, cholangiolar-like structures composed of biliary epithelial cells together with ductular hepatocyte-like cells in various stages of maturation were observed to be formed in areas of extensive bile ductular reaction. Unlike the cholangioles or canals of Hering of normal liver, where only the biliary epithelial cell component and not the hepatocyte component is supported by a basement membrane (22, 23, 34) , the newly appearing cholangiolar-like structures observed only in histological sections of the severely injured livers were completely surrounded by a basement membrane that strongly immunostained for both type IV collagen (38) (Fig. 6A ) and laminin (38) . In this regard, they closely resembled in their morphology the neocholangioles of severely injured human liver in various hepatic disease states (22, 23, 34) . It is also noteworthy, as dramatically exemplified in the furan rat model of severe hepatic injury, that the cholangiolar-like structures typically contained a single hepatocytic-like cell that formed well-developed cell junctional complexes with adjacent biliary epithelial cells of the same cholangiolar-like structure (38) . Moreover, these ductular hepatocytic cells most commonly expressed phenotypic features of both intrahepatic biliary epithelium [i.e., ~y-glutamyl transpeptidase, basement membrane laminin, and biliary type cytokeratin 19 (Fig. 6B )] and of hepatocytes (i.e., albumin, hepatocyte-specific antigen H.4. and peroxisomes) (5, 38. 40) . However, in contrast to the atypical ductular-like structures associated with hepatocarcinogenor o-galactosamine-induced oval cell proliferation in rat liver, the proliferated bile ductules and cholangiolar-like structures appearing in the liver of the furan-treated and bile duct-ligated/CCItreated rats did not contain immunohistochemically detected a-fetoprotein (38, 40) nor were a-fetoprotein mRNA transcripts detected by ist situ hybridization in the hyperplastic bile ductule-like structures that appeared in the liver of furan-ucated rats (5, 34) . The range of cell and nuclear diameters characterizing the ductular hepatocytes formed in these specific rat models of severe hepatic injury, together BBith their phenotypic features, was also consistent BBith a sequential pattern ol differentiation. ~~hereb~ rare bile ductular-like cells become activated to give rise to transitional ductular cell5 that then serv-e as the precursors of more mature ductulai hepatocytes (38. 40). Representative histological section of right liver lobe from a 7-wk bile duct-ligated/6-wk furan-treated rat in which the entire normal liver parenchyma has been replaced with hyperplastic well-differentiated bile ductule tissue. Hematoxylin and eosin. X66. B) Appearance of bile duct-like structures strongly positive for immunohistochemically reactive cytoplasmic cytokeratin 19 in a 7-day-old primary type I collagen gel culture of hyperplastic bile ductular epithelial cells initially isolated in ---95% purity from the right liver lobe of a bile duct-ligated/furan-treated rat. X 132. The cultured cells were maintained in medium containing 10% fetal bovine serum, to which fresh daily additions of 25 ng epidermal growth factor/ml medium were made.
THE BILE DUCT-LIGATED/FURAN-TREATED RAT:
A MODEL OF MASSIVE BILE DUCTULE HYPERPLASIA Just recently, we described the development of a unique rat model in which furan combined synergistically with bile duct ligation remarkably induced the replacement of much of the liver parenchyma with differentiated hyperplastic bile ductules whose phenotypic properties very closely resembled those of typical hyperplastic bile ductules formed in the liver of bile duct-ligated rats (35) . Specifically, an analysis of multiple tissue sections of liver from Fischer-344 male rats first subjected to a bile duct ligation and I wk later given furan by gavage at 45 mg/ kg body weight, once a day, 5 times weekly for 5-6 wk revealed a mean percentage of hyperplastic bile ductule per total liver section area of 72.6 ± 16.3% compared to control values of 20.0 ± 4.2% for bile duct-ligated rats that received corn oil by gavage instead of furan and 11.9 3.1 % for rats that were given a sham operation followed by furan. This dramatic difference was also reflected by the very high mean y-glutamyl transpeptidase specific activity of liver homegenates from the bile ductligated/furan-treated rats, which was w-8 X 103 nmoles pnitroaniline/mg proteinlhr compared to values of ---2 X 103 for the bile duct-ligated/corn oil controls, -1 1 x 103 for sham-operated/furan-treated rats, and 44.9 for untreated rat.
Frequently, the right liver lobe of the bile duct-ligated/ furan-treated rats was found to be entirely replaced by hyperplastic bile ductule tissue. as represented by the his-tological section shown in Fig. 7A . We have now taken advantage of this novel animal model of massive bile ductule hyperplasia to develop a bile ductular epithelial cell isolation procedure (11; A. E. Sirica and T. W. Gainey, unpublished data) that can be performed in less time than the procedure we originally developed to isolate a highly enriched fraction of hyperplastic bile ductular epithelial cells from the liver of bile duct-ligated rats (36) . To date, our preliminary characterization of primary cultures of hyperplastic bile ductular epithelial cells isolated from the right liver lobe of bile duct-ligated/furan-treated rats have indicated these cultured cells to possess phenotypic properties that closely resemble those of cultured hyperplastic bile ductular epithelial cells isolated from the liver of rats that had only been subjected to a bile duct ligation (32, 36) . Also of particular interest is our very recent observation of distinct bile duct-like structures appearing in primary type I collagen gel cultures of hyperplastic bile ductular cell isolates from bile duct-ligated/ furan-treated rats, when the cells were maintained in medium supplemented daily with 25 ng epidermal growth factor/ml medium in the presence of 10% fetal bovine serum. Figure 7B demonstrates a strong cytoplasmic immunostaining reaction by such bile duct-like structures for biliary type cytokeratin 19 after 7 days in primary collagen gel culture. Moreover, a hyperplastic bile ductular cell isolate from the right liver lobe of a bile ductligated/furan-treated donor rat was found when transplanted into the inguinal fat pads of syngeneic rats to give rise to foci of well-differentiated bile duct-like structures that were immunohistochemically positive for cytokeratin 19 and for basement membrane laminin and that contained cells exhibiting immunoreactivity for PCNA ( Fig.  8 ). Under these conditions. it is also noteworthy that the bile ductular cell isolate from the bile duct-ligated/furantreated rats showed no evidence either in primary culture or after cell transplantation of being neoplastically transformed nor of altering their differentiation along pathways other than that of the biliary cell lineage.
SUMMARY AND CONCLUSIONS
Based on data obtained from both experimental animal and human studies, it is apparent that cell types lining both the intra-and extrahepatic biliary tract are capable of demonstrating a remarkable plasticity in response to certain forms of chronic tissue injury and/or carcinogenic conditions (32, 34) . Evidence has also been generated from novel rat models of severe liver injury and intrahepatic cholangiocarcinogenesis induced by furan to strongly suggest that some intrahepatic biliary epithelial cell types associated with a more typical pattern of bile ductule hyperplasia than hepatocarcinogenor D-galactosamine-induced oval cell proliferation appear to be also capable under specific conditions of hepatic injury and hepatocyte loss of altering their normal differentiation commitment along the biliary cell lineage so as to serve as nonparenchymal cell progenitors of either metaplastic small intestinal mucosal cell types or of ductular hepatocytic cells. When associated with carcinogenic conditions, such unique patterns of aberrant biliary cell differentiation can relate directly to the histogenesis of specific types of neoplasms, as exemplified by the preferential development of intestinal-type adenocarcinoma in the liver of furan-treated rats and by cholangiocarcinoma characterized by intestinal mucosal cell differentiation that can form in both the liver and extrahepatic biliary tract of humans ( 15, 16) .
It is noteworthy that, like the mucosa of normal rat small intestine, the metaplastic small intestinal mucosallike glands that formed early in the liver of the furantreated rats demonstrated strong immunohistochemical staining for HGF/SF That the neoplastic glands of intestinal-type hepatic adenocarcinomas were also found to exhibit strongly positive immunohistochemical staining reactions for HGF/SF and its c-met receptor, as well as for the TGF-131 and the M6P/IGF-II receptor, further suggests a role for both HGF/SF and TGF-131 in the regulation of growth and/or morphogenesis of this type of biliary-derived cancer. The abundant connective tissue stroma associated with this particular hepatobiliary neoplasm is also consistent with the presence of immunoreactive TGF-P,. However, further studies are now needed to actually determine what cell types in such intestinal-type hepatic adenocarcinoma are actually synthesizing HGF/ SF and TGF-I3¡. as well as for defining whether such growth factors are functioning in an autocrine or paracrine manner.
Lastly. the development of defined bile ductular cell culture and in niw cell transplantation models, such as those newly established in our laboratory with hyper-plastic bile ductular epithelial cell isolates from the bile duct-ligated/furan-treated rats, have the potential of being powerful tools for investigating the functions, growth regulation, and morphogenesis of hyperplastic bile ductular epithelial cells as well as for defining their differentiation potential in relation to that of proliferating oval cells under both untransformed and neoplastically transformed states.
